Abstract-If a piezoelectric material is deformed, the local electric field is caused by the electromechanical interaction. When a structural element with surface defects is subjected to the stress, the strain distribution appears also on the opposite surface to the defects. Such localized strain distribution can be measured by the electric potential distribution on a piezoelectric film mounted on the smooth surface. This paper shows that back-surface defects in typical structural elements can be visualized by mounted PVDF thin film.
surface defects in other typical structural elements by FEM analysis, i.e., a beam, a cylindrical pipe and a spherical shell.
II. ELECTRIC POTENTIAL DISTRIBUTION ON MOUNTED PVDF FILM
We mount a high-polymer piezoelectric thin film, Polyvinylidene Fluoride, onto the surface of a plate. The surface of the film in contact with the specimen is covered by an aluminium electrode layer connected to ground. When the specimen is deformed, the film is subjected to the same plane deformation as the surface of the specimen. Let x 1 -x 2 plane be the film surface, and set axis x 2 be along the sensitive axis of the film. According to [4] , the normal electric field E 3 and the electric potential on the free surface of the film are expressed by a linear combination of the normal strain The local electric potential at a position on the film can be measured by an electrostatic voltmeter (Trek Inc., USA, Model 344). If we mount the PVDF film in the perpendicular direction to the above case, i.e., with the sensitive direction along x 1 axis, we have a different potential at the point such that S 11 and S 22 are exchanged in (1) . From two potentials measured at the same position, we can determine the surface strain components S 11 and S 22 . By scanning the electrostatic voltmeter over the film surface, we can also measure the strain distribution.
Conversely, if the surface strain distribution is given, the electric potential distribution can be calculated by substituting the strain components into (1). For nondestructive inspection of defects, the potential distribution on the film may be enough rather than the strain distribution.
III. VISUALIZATION TECHNIQUE OF INVISIBLE DEFECTS BY PVDF FILM
The authors have shown that the electric potential distribution on a PVDF film with 30μm thickness (Kureha Chemical Industry Co., Ltd., Japan) mounted onto ate under compression a pl [V] reflects the sizes and the shapes of back-surface defects, see Figure 1 . In other words, such defects can be inspected by visualizing the electric potential distribution. In this section, we examine the applicability of the proposed technique and the validity of simulation by the structural analysis using FEM. To examine the resolution of back-surface defects, we prepare a specimen having several sizes of cylindrical grooves. The thickness of the specimen is 10mm, the depth of each groove is 8mm, and (c) θ=90° Figure. 3 Directional sensitivity of NDE using PVDF film Figure 2 shows the experimental and the simulated potential distributions on the PVDF film mounted on the smooth surface of the specimen. We see that both experimental and simulated results are in good agreement and the smallest defect with 3mm diameter can be detected from the shaded pattern in the potential distribution. It is found that the pattern for a smaller defect does not necessary reflect its original shape. In following figures, the gray value of the potential distribution indicates the same one as in Figure 2 .In the case of defects such as a crack or a slit, the surface strain distribution depends on the angle between the directions of the defect and the stress. To examine the applicability of NDE using PVDF film to such cases, we prepare specimens with surface defects (slit-like back-surface grooves) with different directions. In Fig.3 , θ is the angle between the directions of the groove and the compressive stress. As easily expected, the strain distribution is not much disturbed when the defect is parallel to the stress, so that it is not easy to detect such a defect by the potential distribution on the PVDF film. Matsumoto et al [7] showed that such a directivity of inspection ability is resolved by laminating PVDF films with different sensitive directions and they [8] applied to inspection of cracks and back surface defects. In the following discussions, it will be shown that a single layer film is enough to visualize invisible defects when the stress is multiaxial as in the following typical structural elements.
IV. SIMULATED NDE USING PVDF FILM FOR TYPICAL STRUCTURAL ELEMENTS
In this section, we apply proposed NDE using PVDF film to other typical structural elements. In each case, there exists a surface defect on the below or the inside surface of the element. We analyze the deformation of each structural element by FEM, and obtain the electric potential distribution on PVDF film mounted onto the other smooth surface from (1).
Let us first consider a cantilever beam with size 300mm×50mm×5mm, and apply 2mm deflection at the free end as in Fig. 4(a) . It is known that the normal stress varies linearly between both surfaces of the beam, differently from the plate in compression. A surface defect with size 14mm×2mm×2mm is located on the below surface of the beam. From Figs. 4(b) and (c), the defect can be detected in both cases from the calculated potential distribution.
We next consider a cylindrical pipe subjected to internal pressure as in Fig. 5(a) , where the internal diameter and the length are 100mm, and the thickness is 5mm. In the case of such a thin-walled pipe, the hoop stress is dominant. Figures 5(b) and (c) show the calculated potential distributions in the case where the sensitive axis of the film is parallel to the pipe axis. We see that both defects with parallel and normal directions to the pipe axis can be detected by the PVDF film. In the case of a spherical shell subjected to internal pressure, two-dimensional isotropic tension is dominant, see Figure 6 . The internal diameter of the shell is 1000mm, and the thickness of the wall is 5mm. In this case, the isotropic surface stress is dominant. A surface defect with size 14mm×2mm×2mm is located on the inside wall, where its orientation is in φ-axis. In each case such that the sensitive axis of the PVDF film is normal or parallel to the defect, the potential distribution reflects the shape of the defect on the inside wall.
(a) Geometrical situation The proposed NDE technique applies two phenomena, i.e., the deformation of the front surface of the structure is disturbed by the back surface defects (invisible defects), and the surface deformation can be visualized by the attached piezoelectric film. If we do not utilize the information on the surface deformation, we should input some energy up to the back surface like ultrasonic waves, electromagnetic fields or waves into the specimen and measure their variation by defects. In other words, it requires instruments of a transmitter and a receiver of the energy.
The proposed method has the advantage in the aspect, but its availability depends on the structural conditions which determine the surface deformation. Instead of the second phenomenon, piezoelectricity, we can apply many other phenomena to visualize the surface deformation. Among them, the attached piezoelectric film will be the simplest method to transmit the deformation distribution to the electric potential distribution. In this paper, we scanned the probe of the electrostatic voltmeter over the film surface, which brings the qualitative information on the surface deformation for comparison with the simulated results. We can also visualize the potential distribution by other methods, e.g., charged powder, liquid toner, electric ink, etc, which will be promising to obtain the patterns of the potential distribution. Such applications are left as future subjects.
The conclusions obtained in this paper are summarized as follows.
(1) Resolution and directional sensitivity of back-surface defects are examined for the nondestructive visualization technique using PVDF film mounted onto the smooth surface of the specimen.
(2) Simulated patterns in the potential distribution on PVDF film by FEM are found to be in good agreement with the experimental results obtained in section 3.
(3) It is verified from simulation by FEM that as well as plates, the proposed NDE technique using PVDF film can be applied to typical structural elements, a beam, a cylindrical pipe and a spherical shell. These elements covered by a piezoelectric layer may be called intelligent structures because they inform their invisible defects by the electric potential distributions on the front surfaces.
